Objective: The relationship of meal and snacking patterns with overall dietary intake and relative weight in children is unclear. The current study was done to examine how eating, snack and meal frequencies relate to total energy intake and diet quality. Design: The cross-sectional associations of eating, meal and snack frequencies with total energy intake and diet quality, measured by the Healthy Eating Index 2005 (HEI-2005), were examined in separate multivariable mixed models. Differences were examined between elementary school-age participants (9-11 years) and adolescents (12-15 years). Setting: Two non-consecutive 24 h diet recalls were collected from children attending four schools in the greater Boston area, MA, USA. Subjects: One hundred and seventy-six schoolchildren, aged 9-15 years. Results: Overall, 82 % of participants consumed three daily meals. Eating, meal and snack frequencies were statistically significantly and positively associated with total energy intake. Each additional reported meal and snack was associated with an 18·5 % and a 9·4 % increase in total energy intake, respectively (P < 0·001). The relationships of eating, meal and snack frequencies with diet quality differed by age category. In elementary school-age participants, total eating occasions and snacks increased HEI-2005 score. In adolescents, each additional meal increased HEI-2005 score by 5·40 points (P = 0·01), whereas each additional snack decreased HEI-2005 score by 2·73 points (P = 0·006). Conclusions: Findings suggest that snacking increases energy intake in schoolchildren. Snacking is associated with better diet quality in elementary school-age children and lower diet quality in adolescents. Further research is needed to elucidate the role of snacking in excess weight gain in children and adolescents.
Since the 1970s, childhood obesity prevalence has increased in developed countries worldwide (1) . Estimates suggest that up to 60 % of obese adolescents become obese adults (2) and that dietary patterns established during childhood and adolescence often persist into adulthood (3) . Accordingly, there has been an increased focus on diet and dietary behaviours in children and adolescents. Consumption of sugar-sweetened beverages (4) (5) (6) (7) (8) , increased portion sizes (9, 10) and eating more meals away from home (5, 11) have all been positively associated with excess weight gain in childhood. Further, nationally representative US trend data from children aged 2 to 18 years show that average eating frequency has increased from three to five daily eating occasions between 1970 and the 2000s (12) and average total daily energy intake has increased by 770 kJ (184 kcal) over the same time frame (13) . These findings, among others, have led researchers to explore what role eating frequency plays in dietary intake and weight status in childhood.
The observed increase in eating frequency is largely attributable to snacking, given that the average American child eats three snacks per day (14) . Snacking contributes nearly one-third of total energy consumed, the majority of which comes from desserts and sugar-sweetened beverages (14) . Further, compared with breakfast, lunch and dinner meals, snacks have a significantly higher energy density (15) . Despite these findings, the cross-sectional literature on the relationship between eating frequency and snacking generally suggests an inverse relationship with weight status (16, 17) . Given the inconsistencies in the literature, no consensus exists with regard to the impact of eating frequency on relative weight in children (18, 19) . A 2013 review of this relationship cited inconsistent definitions for snacking occasions, methodological limitations in cross-sectional studies and a shortage of prospective studies, and concluded that the evidence base is lacking (17) . In the absence of clear guidance to parents, schools and clinicians as to an ideal eating frequency to help reduce childhood obesity risk, the objective of the present study was to explore the relationships of eating frequency, meal frequency and snack frequency with total energy intake and diet quality in an effort to clarify the possible role of eating frequency in excess weight gain in children. Further, given that younger children appear to have a better ability to self-regulate intake (20) , and that adolescents typically have greater autonomy over their eating habits, have greater spending power and consume more meals outside the home (21) , a secondary objective was to examine whether these associations differ between elementary school-age (9-11-year-olds) and adolescent participants (12-15-year-olds). We hypothesized that eating frequency would be positively associated with total energy intake and inversely associated with diet quality in this racially diverse, low-income sample of school-age children.
Methods

Participant information
The present analysis was done using dietary data collected from a sample of participants enrolled in the Daily D Study, a randomized trial designed to determine the appropriate level of vitamin D supplementation needed to prevent serum vitamin D inadequacy in school-age children (5th through 8th graders). The trial included 312 students who attended one of five schools in three communities in the greater Boston, Massachusetts area; ran from October 2011 to December 2012; and consisted of four study visits: baseline, 3 months, 6 months and 1 year. Other than providing a vitamin D supplement to all participants, the Daily D trial protocol did not include any dietary intervention. At the 3-month study visit, 183 participants were recruited from four of the schools into an adjunct study: the diet sub-study. Recruitment did not occur at the fifth school due to logistical constraints. Students were ineligible for the Daily D trial if they were currently taking vitamin D, multivitamin supplements or oral glucocorticoids; or had rickets, cystic fibrosis, kidney disease, sarcoidosis, irritable bowel syndrome, epilepsy or HIV/AIDS. Participation in the diet sub-study required complete weight and height measurements at baseline and willingness to complete two 24 h diet recalls. Parental informed consent and child assent was obtained for both the Daily D Study and the diet sub-study. Both protocols were approved by the Tufts University Institutional Review Board.
Dietary assessment
Research supports that school-age children are capable of providing reliable 24 h diet recalls with valid energy estimates without the assistance of a parent or guardian (22, 23) . Therefore, trained registered dietitians collected two, non-consecutive weekday, 24 h diet recalls directly from participants using the University of Minnesota Nutrition Data System for Research (NDSR) software (versions 2011; Nutrition Coordinating Center, Minneapolis, MN, USA) (24) . The first 24 h diet recall was collected in person at the time of the 3-month study visit and the second 24 h diet recall was collected 3-21 d later over the telephone, as research suggests that mode of administration does not affect accuracy in children (25) . NDSR employs a multiple-pass method and a standardized portion-size manual to decrease measurement error. Participants were taught how to use the portion-size manual at the time of the in-person recall and were provided with a copy for use during the telephone recall. All 24 h diet recalls were collected on Tuesday through Saturday to reflect usual weekday intake. Recalls were collected only for days when school was in session. This was done to avoid any variation introduced by differences in eating patterns between weekday and weekend day recalls (26) .
Eating frequency
Within the NDSR protocol, participants identify the name and time of each reported eating occasion. The names for each eating occasion are chosen from a predefined list that includes: breakfast, lunch, dinner/supper, school lunch, snack and other. For the present analysis, an eating occasion was defined as any distinct time when a participant reported consuming at least one food or beverage item, excluding water, regardless if the occasion was designated a meal (breakfast, lunch, dinner/supper or school lunch) or a snack. No participants designated an eating occasion as 'other'. Therefore, to examine possible differences in energy intake by eating occasion type, meals were defined as breakfast, lunch, dinner/supper or school lunch. Snacks were defined as a separate category. Previous publications on eating frequency have considered eating occasions to be independent if they are separated by a minimum of 15 min (12, 27) . Of the 1574 occasions reported by this sample, only nine occasions (0·05 %) were consumed within 15 min of each other and were combined. Thus, our definition of eating frequency is consistent with previous research and also reflects the integrity of how elementary school-age children selfdefine eating occasions. Eating frequency estimates were determined separately for each 24 h recall. To examine how dietary intake patterns vary by reported eating frequency, we grouped participants into groups using reported weekday eating frequency from the in-person 24 h recall. Participants were considered 'infrequent eaters' if they reported one to three daily eating occasions, 'average eaters' if they reported having four daily eating occasions, and 'frequent eaters' if they reported five or more daily eating occasions.
Total energy intake
Total energy intake estimates were determined for each 24 h diet recall using NDSR.
Diet quality
Diet quality was measured using the Healthy Eating Index 2005 (HEI-2005), which is a scoring system developed by the US Department of Agriculture, Center for Nutrition Policy and Promotion to measure degree of compliance with the 2005 Dietary Guidelines for Americans (28) . The HEI-2005 is made up of twelve nutrient-and food-based component scores. Nine of the components (fruit, whole fruit, total vegetables, dark green and orange vegetables, total grains, whole grains, milk, meat and beans, and oils) represent adequacy components, whereas the saturated fat, sodium and energy from solid fat, alcohol and added sugars (SoFAAS) represent moderation components.
The standards used to assign maximum HEI-2005 scores for each component are based on overall population needs. Given that children require a more nutrient-dense diet to achieve recommended intakes without exceeding energy needs, the HEI-2005 standards have been modified (29) . Mean estimated energy requirements published by the Institute of Medicine were used as the basis for this modification. Estimated energy requirements are quite different for male and female adolescents, such that adolescents have been stratified for the purpose of the present analysis. Specifically, for children aged 9-11 years, female adolescents aged 12-18 years and male adolescents aged 12-18 years, the HEI-2005 standards were modified according to the 7531 kJ (1800 kcal), 8368 kJ (2000 kcal) and 10 042 kJ (2400 kcal) MyPyramid eating patterns, respectively (28) (29) (30) . Total and component HEI-2005 scores were calculated for each 24 h diet recall using the methodology developed for use with NDSR as well as the detailed technical report of the US Department of Agriculture, Center for Nutrition Policy and Promotion (31, 32) .
Covariates
Demographic data collected on the vitamin D supplementation trial consent forms included age, sex and race/ ethnicity. At the baseline visit, parents completed an additional questionnaire which provided information on maternal education and eligibility for free or reduced-price school lunch. Physical activity was assessed by self-report at the baseline visit via the Block Kids Physical Activity Screener (NutritionQuest, Berkley, CA, USA). The screener asks about the frequency and duration of leisure activities, school activities, chores and part-time employment, and has been validated using an objective measure of physical activity (33) . Its analysis provides relative estimates of total minutes of daily activity as well as minutes spent in low, moderate and vigorous activity daily. These estimates along with methodology provided in the 2008 Physical Activity Guidelines for Americans were used to categorize participants as 'sedentary' if their reported weekly moderate activity totalled less than 150 min, 'moderately active' if it totalled 150-300 min and 'active' if it exceeded 300 min (34) . Each minute of vigorous activity was deemed equivalent to 2 min of moderate activity.
Statistical analyses
All statistical analyses were conducted using the statistical software package SAS version 9·2, at the two-sided 0·05 level of significance. Using data from the in-person 24 h recall, participants were initially grouped into eating frequency categories and dietary characteristics were compared. Tukey's Honestly Significant Difference test was used to adjust for multiple comparisons. To determine whether specific dietary characteristics (eating frequency, meal frequency and snack frequency) were related to total energy intake and diet quality, measured by the total HEI-2005 score, separate multivariate mixed models were estimated using the MIXED procedure. Participants provided up to two 24 h recalls and, thus, they had up to two estimates for eating frequency, meal frequency and snack frequency as well as total energy intake and diet quality. Accordingly, a mixed model allowed us to account for having repeat measures for each dietary variable. We tested for the presence of effect modification by age group (elementary school-age (9-11 years) v. adolescents (12-15 years)) by evaluating the statistical significance of an interaction term in each model. Given shared food environments within each school, we controlled for school in each of our models a priori. Finally, we assessed the need to control for age at baseline, sex, race/ethnicity, maternal education, free or reduced-price school lunch eligibility and physical activity. Variables were retained in the model if their inclusion induced a change in the point estimate greater than 10 % (35) .
Results
A total of 176 participants provided a reliable, in-person 24 h diet recall and 168 participants provided a reliable, second 24 h diet recall. Twenty-five participants provided both 24 h diet recalls in person, given difficulty in reaching them by telephone. Despite this difference in collection methodology, there were no statistically significant differences in reported eating frequency between the two recalls with (t = 0·51; P = 0·61) and without (t = 0·37; P = 0·71) these twenty-five participants. Accordingly, all 176 participants who provided at least one reliable in-person recall were included in the current analyses. Participants were 9-15 years old, with a mean age of 11·4 years, 40·0 % were white and 64·2 % were sedentary (Table 1) . Forty-six per cent were overweight or obese and 63·8 % were eligible for free or reduced-price school lunch. In total, 82 % of participants reported consuming three meals per day in their in-person 24 h diet recall. With respect to meal location, 77 % of participants consumed breakfast at home, 95 % of children consumed lunch at school and 91 % of participants reported consuming dinner at home (data not shown). Participants were grouped into eating frequency categories using data from the inperson 24 h diet recall to compare dietary intake patterns between groups (Table 2 ). Both 'average eaters' and 'frequent eaters' consumed three meals per day, on average. Finally, 'infrequent eaters' consumed 2·0 fewer snacks and 2908 fewer kJ/d (nearly 700 kcal/d), on average, as compared with 'frequent eaters' who consumed 2·5 snacks and 8443·9 kJ/d (2016·8 kcal/d; P < 0·05). There were no statistically significant differences in reported mean energy, protein or fat intake between 'infrequent eaters' and 'average eaters'.
There was no statistically significant effect modification by age category in the association of eating frequency with total energy intake, so results are presented on the unstratified sample (Table 3) . For all participants, each additional reported eating occasion was statistically significantly associated with 11·6 % greater total energy intake in a multivariable mixed model adjusted for free or reduced-price lunch eligibility (P < 0·001). In similar but separately estimated models, each additional reported daily meal was associated with 18·5 % greater total energy intake (P < 0·001), and each additional reported daily snack was associated with 9·4 % greater total energy intake (P < 0·001). Table 4 shows the relationship between eating frequency and diet quality in this sample. HEI-2005 total score ranged from 21·9 to 82·3 points out of a possible 100. Because associations differed between elementary schoolage and adolescent participants, all multivariable mixed Table 2 Dietary characteristics of the first in-person 24 h diet recall provided by elementary school-age children (9-11 years) and adolescents (12) (13) (14) (15) Mean values within a row with unlike superscript letters were significantly different (P < 0·05) according to Tukey's Honestly Significant Difference test. *Participants were grouped into eating frequency categories using data from the first, in-person 24 h recall. †Eating frequency: number of reported daily eating occasions. ‡Meal frequency: number of reported daily meals (breakfast, lunch, dinner/supper). §Snack frequency: number of reported daily snacks. (34) . models have been stratified by age category. In elementary school-age participants aged 9-11 years, the relationship between eating frequency and diet quality was statistically significant and positive. After adjusting for maternal education, free or reduced-price lunch eligibility and physical activity, each additional reported daily eating occasion was associated with a 2·60 point increase in total HEI-2005 score (P = 0·003). This relationship was not statistically significant in adolescents. In similar but separate models, the relationship between meal frequency and diet quality was positive in both age groups; however, it was statistically significant only in adolescents. Specifically, for each additional reported daily meal, adolescents' total HEI-2005 score increased by 5·40 points (P = 0·01). The relationship between reported daily snacks and diet quality was statistically significant in both life-stage groups; however, it was positive in elementary school-age participants and inverse in adolescents. It is possible that the positive association in elementary school-age participants is due to higher enrolment in after-school programmes, which must provide snacks that adhere to National School Lunch Program guidelines. Therefore, a χ 2 test was performed to look at the difference in location of snacks consumed after school. There were no statistically significant differences between elementary school-age and adolescent participants (85·5 % snacks at school for 9-11-year-olds v. 82·9 % in 12-15-year-olds; P = 0·79). Finally, we used the eating frequency categories to explore the relationship between eating frequency and the twelve HEI-2005 component scores in both age groups. After adjusting for multiple comparisons, no statistically significant differences were identified (data not shown).
Discussion
In a population of children at high risk for poor diet and its attendant consequences, eating, meal and snack frequencies were positively associated with total energy intake, whereas the relationships with diet quality differed between meals and snacks and by age category. We hypothesized that eating frequency would be inversely associated with diet quality in light of recent dietary trends in American youth (36) . Unexpectedly, in elementary school-age participants, we found that overall eating frequency and snacks positively contributed to diet quality. In adolescents, however, our results suggested that snacks detract from overall diet quality. Specifically, for each additional snack consumed by adolescent participants, total HEI-2005 score statistically significantly decreased by 2·73 points, while each additional meal statistically significantly increased total HEI-2005 score by 5·40 points. In other words, adolescent diet quality decreased with each additional snack and increased with each additional meal.
Why results differ between elementary school-age participants and adolescents is not entirely clear; however, longitudinal trend data suggest that diet quality decreases with the transition from early to middle adolescence, as consumption of fruit and vegetables, 100 % fruit juice, and Table 3 Associations of daily eating, snack and meal frequencies with total energy intake in elementary school-age children (9-11 years) and adolescents (12) (13) (14) (15) milk and milk products decrease (37, 38) . It is also possible that because adolescents are generally more autonomous than elementary school-age children, they may make more of their own food choices, particularly at snack time, leading to a decrease in overall diet quality with each additional snack (39) . Although we did not collect information regarding family meals, the family meal setting may explain why meals are positively associated with diet quality while snacks are inversely associated with diet quality in adolescents. Family meal frequency has been shown to be positively associated with nutrient intake patterns and inversely associated with sugar-sweetened beverage and fried food intake in both children and adolescents (40) . On average, reported eating frequency and total energy estimates were similar to national estimates (12) . Interestingly, research suggests that children who skip meals are more likely to snack; however, in our sample, 'infrequent eaters', the only eating frequency group to consume fewer than the recommended three meals per day, had the fewest number of reported snacks as well (41, 42) . 'Frequent eaters' had the highest daily total energy intake and reported 2·5 or more snacks per day. These findings support the assertion that older children and adolescents may not compensate for energy intake from snacks at subsequent meals (43) . Further, after adjusting for eligibility for free or reduced-priced school lunch, a statistically significant and positive association was observed for eating, meal and snack frequencies with total energy intake. This is not only is consistent with our hypotheses, but it is also supported by the literature. Dietary data from children aged 13-16 years who participated in the Child and Adolescent Trial for Cardiovascular Health show that total energy intake increased linearly with daily eating frequency (42) . Other studies have observed a similar relationship, suggesting a positive association between daily meal and snack frequency and total energy intake (44, 45) . The present study has noteworthy limitations and strengths. First, our results are valid to the extent that children and adolescents can reliably self-report diet and define meals and snacks. We attempted to address this potential limitation by carrying out the analysis using total eating frequency as well as reported meal and snack frequencies. We recognize that both under-and overreporting is a concern with all self-reported dietary data (46) . The aim of our work was to examine how one dietary construct (eating frequency) affects other dietary characteristics (total energy intake and dietary quality, respectively). Considering that all three variables should, in theory, be affected similarly by under-or over-reporting, and because we do not consider any weight-related outcomes in these analyses, we did not identify underor over-reporters in these analyses. Second, we did not collect information on family meals or who purchased and/or prepared meals. Accordingly, we can only hypothesize that these two constructs may have influenced our findings. Third, dietary data were collected for weekdays only, such that the observed associations may only hold during the week while children are at school. Fourth, our findings are cross-sectional in nature such that no conclusions can be made with respect to direction or causality. Finally, generalizability of our findings may be limited beyond racially and socio-economically diverse samples of urban schoolchildren.
Our investigation also has many strengths. We employed registered dietitians to collect repeat, non-consecutive 24 h recalls using NDSR's multiple-pass method in effort to reduce under-reporting, particularly as it relates to eating occasions. Further, our analytical design, in which we used a mixed model to account for repeat dietary measures, allowed us to account for day-to-day dietary variation. The demographic characteristics of our sample should be considered a strength of this work, given that low-income minority children are at greater risk for poor diet as well as overweight and obesity (47) .
Conclusions
The present study provides evidence that eating frequency, meal frequency and snack frequency are positively associated with total energy intake in a racially and ethnically diverse cohort of low-income children aged 9-15 years. Results suggest that eating frequency, in general, and snacking, in particular, are positively associated with diet quality in elementary school-age participants; however, in adolescents, snack frequency is inversely associated with diet quality while meal frequency is positively associated with diet quality. Given the lack of prospective and experimental studies in this area, further research is needed to explore how eating frequency and diet quality relate to weight gain in both elementary school-age children and adolescents.
